Introduction
Many general characteristics of a bacterium can be assumed by its name. Nomenclatures are based on studies that provide clear and reliable placement of bacteria into groups. In this chapter, we shall present the description of the species Erwinia amylovora as given by the taxonomists. Such a description is necessarily general, gathering the common traits of individuals of the species. It provides a means to separate this species from other groups of organisms and gives a minimal picture of what is generally recognized, by microbiologists and phytopathologists, as the species E. amylovora. Then, additional information on the cultural and morphological characteristics, physiology and nutrition, serology and phage sensitivity of E. amylovora will be presented.
Present taxonomic description
It is not intended to review here the long history of changes in nomenclature and classification of plant-pathogenic bacteria. But it seems important to give the full 'official' description of the species. Such a description is provided by Lelliott and Dickey (1984) , in Bergey's Manual of Systematic Bacteriology, 8th edition (Krieg and Holt, 1984) , and the essential characters are summarized in Bergey's Manual of Determinative Bacteriology, 9th edition (Holt et al., 1994) .
The species E. amylovora
The description of the species, according to Lelliott and Dickey (1984) , is currently as follows:
Erwinia amylovora (Burrill 1882) Winslow, Broadhurst, Buchanan, Krumwiede, Rogers and Smith 1920 (Micrococcus amylovorus, Burrill 1882) . Colonies on 5% sucrose nutrient agar are typically white, domed, shiny, mucoid (levan type) with radial striations and a dense flocculent centre or central ring after 2 or 3 days at 27°C. Non-levan forms are rarely isolated. Agglutination with E. amylovora antiserum is the most rapid and accurate method of determination (Lelliott, 1967) ; the species is serologically homogeneous and has few agglutinogens in common with related species or with the saprophytes found in diseased material. Causes a necrotic disease (fire blight) of most species of the Pomoideae and of some species in other subfamilies of the Rosaceae. A forma specialis has been described from raspberry (Rubus idaeus) by Starr et al. (1951) . The mol% G + C of the DNA of seven strains ranges from 53.6 to 54.1 (buoyant density).
This description has been supplemented by Rijckaert (1994) , cited in Hauben et al. (1998) with the following data:
there is no anaerobic growth and strains hydrolyse esculin. All strains produce acid from sorbitol. Strains grow on melibiose and sorbitol as carbon sources. Strains can use isoleucine, methionine and threonine as nitrogen sources. Strains are sensitive to furazolidone.
A biochemical characterization allowing a distinction between species of Erwinia is proposed in Holt et al. (1994) . It stresses that differentiation of E. amylovora from other species of Erwinia relies only on seven positive cultural physiological characteristics, out of the 28 used for the genus (Table 6 .1). These characteristics are: motility, weak anaerobic growth, mucoid growth, reducing substance from sucrose, production of acetoin (in shaken culture) and liquefaction of gelatin. As far as acid production from organic compounds is concerned (Table 6 .2), out of 24 compounds tested, only two consistently yielded a positive response (ribose, trehalose), while two more were 'frequently' positive (arabinose, sorbitol). As sources of carbon and energy (Table 6. 3), E. amylovora utilizes the following organic sources: citrate, formate and lactate, but not tartrate, galacturonate or malonate. For growth in minimal medium, E. amylovora exhibits an absolute requirement for nicotinic acid.
This brief description is necessarily a picture of great homogeneity. Such a homogeneity within the species E. amylovora has been recognized for a long time (Ark, 1937; Hildebrand, 1954) , and was confirmed when populations of isolates were studied after introduction of the disease in Europe (Billing et al., 1961; Paulin and Samson, 1973) , even when a large number of isolates was tested (Vantomme et al., 1982 (Vantomme et al., , 1986 Verdonck et al., 1987) .
It is likely that recent development of molecular techniques, which allow comparisons of the genomic organization of strains, will provide a more complete information on isolates, and some differences between strains of diverse (Krieg and Holt, 1984 origins (geographical, host plants) have already been described (McManus and Jones, 1995; Beer et al., 1996; Kim et al., 1996; Momol et al., 1997; Momol and Aldwinckle, Chapter 4) . In this respect, it can be of interest to note that a bacterium-causing necrosis, resembling symptoms of fire blight on Asian pear tree Table 6 .2. Acid production from organic compounds a by Erwinia species (from Holt et al., 1994) . (Pyrus pyriolia) , in Korea has been described as a new species, Erwinia pyrifoliae, clearly distinct from E. amylovora (Kim et al., 1999) on genotypic and phenotypic basis. A review on E. amylovora, orientated mainly towards aspects of pathogenesis and host specificity, has recently been published (Vanneste, 1995) .
Cultural and morphological characteristics Colony morphology -specific media
Colony morphology depends strongly upon the media and growth conditions. Characteristic features of colonies on media specially used for diagnosis of E. amylovora are described in Table 6 .4. Selective media were developed to allow an easier isolation of E. amylovora. Some also gave a somewhat typical aspect to E. amylovora colonies, increasing the selectivity of the medium.
The medium that seems to be most commonly used among phytopathologists for isolation of E. amylovora is CCT (Ishimaru and Klos, 1984) . This Jean-Pierre Paulin Holt et al., 1994) . Bereswill et al. (1997) medium has a good level of selectivity. It is composed of sucrose and sorbitol as carbon sources, and of the following inhibitors: tergitol anionic, thallium nitrate, cycloheximide and crystal violet. Representatives of Erwinia herbicola, often associated with E. amylovora in plant lesions (Billing and Baker, 1963) and certain Pseudomonas spp. commonly found on the plant surface, grow on this medium, but their colonies show a distinct morphology. It has often been noted Paulin and Samson, 1973 ) that on certain media typical and atypical colonies could be obtained from the same isolate, each type being able to give rise to the other type. Such a diversity may be obtained from direct isolation from lesions, as well as from plating a bacterial suspension. These morphological differences are not linked to any known difference in physiology or pathogenicity (Paulin and Samson, 1973) .
Cell morphology
Cells of E. amylovora are Gram-negative rods of about 0.3 µm ϫ 1-3 µm in size. Size of cells may vary according to growth conditions and techniques of observation (for a review, see van der Zwet and Keil, 1979) . After growth on a suitable medium, a variable number of cells are surrounded by a capsule, visible under the microscope, which can be thick or thin. Some cultures are composed entirely of non-capsulated cells (see below), but most of the cultures show a mixture of capsulated and non-capsulated cells (Bennett and Billing, 1978) .
Some authors looking for cellular differences between virulent and nonvirulent isolates of the pathogen described differences in size of bacterial cells. Two types of cells were described: normal cells (1.0-2.5 µm ϫ 0.8-1.2 µm) and filamentous cells (7.0-35.0 µm ϫ 0.8-1.2 µm), the latter being associated with a small colony type on culture medium. The filamentous forms are able to produce 'minicells' (cell wall and cytoplasmic membrane, with no nuclear material). No differences in pathogenicity were actually found between 'normal' and 'filamentous' cell populations (Voros and Goodman, 1965; Huang and Goodman, 1970) .
Cell envelopes

Characteristics and ultrastructure
Cell envelopes of E. amylovora show an unusual level of susceptibility to a low concentration of surfactant agents (novobiocine, desoxycholate, sodium dodecylsulphate) (Chatterjee et al., 1977) . Simultaneously, a spontaneous release of enzymes from the periplasmic space to the external medium suggests some defect in the outer membrane of the bacteria, and a relation with pathogenicity was proposed. The observation of Goodman (1983) , who indicated a very short survival time of suspensions of E. amylovora in distilled water, may be connected with this characteristic of the outer membrane.
Nevertheless, little original information has been obtained from ultrastructure observation of cell envelopes of E. amylovora (Voros and Goodman, 1965; Huang and Goodman, 1970) . Even with the use of special techniques (freeze-fracture), no specific traits of bacterial envelopes were described (Gibbins et al., 1976) . One work showed the presence of unusual small evaginations in the outer membrane of E. amylovora cultures (Laurent et al., 1987) . These were present in both virulent and non-virulent strains, and no interpretation for these structures could be provided.
Fatty acids
The lipid composition of cell envelopes, which has been proposed as a suitable criterion for bacterial taxonomy, was studied by gas-liquid chromatography (Casano et al., 1988; van der Zwet and Wells, 1993; Wells et al., 1994) . For E. amylovora, as for other bacteria, the fatty acid profile may depend to a certain extent on the growth conditions, especially the age of the culture and the composition of the growth medium (Casano et al., 1988) . Nevertheless, standard conditions of growth allowed the characterization of a typical profile (Box 6.1), which has been incorporated in a library of profiles, for the identification of E. amylovora. This profile was slightly different for E. amylovora isolated from Rubus, but remained fairly constant for other strains of E. amylovora. It was noted that streptomycin variants could be distinguished from wild-type E. amylovora, because of a lower percentage of cyclic acids (van der Zwet and Wells, 1993) . Other saprophytic Erwinia are said to produce profiles that are different, as do other bacterial species, even if they are taxonomically close to E. amylovora (Wells et al., 1994) . The fatty acid profile has frequently been used as a tool to confirm identification of E. amylovora after new introductions, as in Egypt, Bulgaria, Yugoslavia (van der Zwet and Wells, 1993) and Austria .
Surface receptors
Since the outer membrane of Gram-negative bacteria constitutes an interface between the cell and the external medium, the role of receptors present on the outer membrane received a lot of interest. The composition and structure of lipopolysaccharides (LPS), which are usually the sites for specific recognition from external factors (O antigen), have been precisely determined (Ray et al., 1986) . The lipid fraction was composed of glucosamine, phosphate and three fatty acids (12:0, 14:0 and 3-OH-14:0), which are common to Enterobacteriaceae. The carbohydrate fraction was composed of:
• a short side-chain of three neutral sugars: fucose, glucose and galactose;
• a core containing oligosaccharides (heptose, glucose and uronic acid) -which is unusual for Enterobacteriaceae -amino compounds and 3-desoxy-2-octulosonic acid (KDO); • a low-molecular-fraction (KDO, amino compounds and phosphates).
In addition, it was found that these LPS have some common features with Rhizobium and, perhaps, with Erwinia stewartii and Erwinia carotovora (Ray et al., 1986) . Small variations were found between virulent and non-virulent strains, and the absence of side-chain for some phage-resistant mutants was noted. The most probable structure of the side-chain of LPS of one 'typical' strain was determined by Ray et al. (1987) (Fig. 6 .1). It is original in several ways: fucose is in the D configuration, which has also been described for other plant pathogens, but it contains glucofuranose, which has not been reported for other LPS. Glucose and galactose are present, as in the composition of capsular exopolysaccharide (EPS), but their linkage is likely to be different.
The isolation from apple of a factor that agglutinates cells of E. amylovora (Romeiro et al., 1981a) resulted in research for a specific receptor on the cell surface of E. amylovora. This receptor was supposed to be linked to the LPS. It was found that the agglutinating factor was not linked to the side-chain, but that it was unexpectedly linked to the core of the LPS. Therefore, one could expect that some basis for specificity may lie in the core of the LPS (Romeiro et al., 1981b) .
Capsule
The presence of a layer of polysaccharides surrounding the cell, or capsule for E. amylovora, has long been noted (Billing, 1960) , as well as its role in pathogenicity Billing, 1978, 1980; Ayers et al., 1979) . This capsule is
Fig. 6.1. Structure of the side-chain of LPS from E. amylovora (from Ray et al., 1987) .
composed of galactose, glucose, mannose and uronic acid. A specific enzyme, produced by E. amylovora, a galactosyl-transferase presumed to allow the synthesis of EPS during bacterial multiplication within plant tissue, has been isolated (Huang, 1979) . Another (extracellular) polysaccharide, a polyfructose called levan, is produced by E. amylovora. The role of these polysaccharides will be further described, as well as the genetic, biochemical and pathogenic aspects of the capsule (Geider, Chapter 7).
Physiology and nutrition
Although some studies on the physiology and nutrition of E. amylovora were aimed at elucidating the metabolism of E. amylovora, most of these studies compared virulent and non-virulent strains, in order to provide a better understanding of the pathogenicity and the ecology of this bacterium. In addition, most data presently available on the nutrition of this bacterium are derived from standard laboratory biochemical tests performed for determination purposes. This information may have little to do with the real metabolism of the bacteria under natural conditions.
Temperature for growth
The relation between temperature and growth of the bacteria in complex liquid media was established by Billing (1974) . It showed a linear relationship between doubling rate and temperature between 9°C and 18°C. A sharp change was noticed in the growth rate at 18°C: an increase of 10°C from 18°C induced a moderate decrease in doubling time (from 2.1 h to 1.3 h), while a decrease of 10°C from 18°C induced a high increase of doubling time (from 21 h to 14 h). Therefore this value of 18°C was stressed as probably being significant in the epidemiology of the disease. Interestingly, in the same study, similar values for the relation between growth and temperature were found for E. amylovora inoculated into growing apple shoots.
E. amylovora is capable of growth between 3-5°C and 37°C. The optimal temperature is 25-27°C (Billing et al., 1961) . Capacity for growth at 34°C was retained as an original feature of E. amylovora by Vantomme et al. (1986) . The resistance of bacterial cells to high temperature was studied, in an attempt to propose a technique to free plant material of internal contaminants by heat treatment (Aldwinckle and Gustafson, 1993; Keck et al., 1995) . It was found that a temperature of 45°C for 70 min or 50°C for 50 min was enough to destroy pure cultures of the bacteria. Some variations were noted between strains (Keck et al., 1995) .
Fermentative metabolism
E. amylovora is a facultative anaerobe. It produces acid but no gas from glucose, either aerobically or anaerobically. It is one of the three Erwinia species, along with E. salicis and E. tracheiphila, quoted as being weakly fermentative (Holt et al., 1994) . All other Erwinia are fermentative, while all other plant pathogens, Gram-positive or Gram-negative, are strictly oxidative.
The metabolism of glucose, in connection with oxygen availability in mineral-defined medium, has been studied in a chemostat under precise growth conditions (Farago and Gibbins, 1975) . Growth of E. amylovora was limited by glucose concentration for dissolved oxygen tension (DOT) exceeding 6 mmHg, while it was limited by oxygen availability when DOT was less than 4 mmHg. As DOT decreased, acid production increased. These transitions from glucose to oxygen limitations were accompanied by sharp changes in specific enzymatic activities (e.g. succinate oxidase, D-glyceraldehyde, 3-phosphate dehydrogenase, D-fructose-1,6-diphosphate aldolase and malate-dehydrogenase). As mentioned by Farago and Gibbins (1975) , this shows a high capacity of E. amylovora to respond to change in the nutritional status of the environment. A role for this capacity in its behaviour in vivo is more than likely, but remains to be elucidated.
Other studies on glucose metabolism aimed at the characterization of endproducts. Starr (1959, 1960) determined that E. amylovora dissimilation of glucose produced mainly ethanol and carbon dioxide, with small amounts of lactic acid and acetic acid, formic acid, succinic acid, acetoin and 2,3-butanediol. It is, then, possible that E. amylovora possesses enzymes for dissimilation of glucose via the Embden-Meyerhof pathway. This is in contrast to other Enterobacteriaceae, which usually produce a large amount of formic acid. But the meaning of this for taxonomic comparisons is doubtful, since erwinias in general do not show a characteristic pattern of fermentation end-products (White and Starr, 1971) .
Under aerobic conditions, metabolism of glucose by E. amylovora produced a high yield of 2-ketogluconic acid (Suzuki and Uchida, 1965a) . This property was shared by several other Erwinia species, but not by E. carotovora. The most striking difference between E. amylovora and E. carotovora in this respect was that the latter accumulated ketoglutaric acid in the medium, without any accumulation of 2-ketogluconic acid (Suzuki and Uchida, 1965b) .
Nitrogen metabolism
Mineral nitrogen
E. amylovora and some other Erwinia species, such as E. ananas, E. mallotivora, E. nigrifluens, E. psidii, E. rhapontici, E. rubrifaciens, E. salicis, E. stewartii and E. tracheiphila, do not reduce nitrate to nitrite, which is the general rule in Enterobacteriaceae. For this reason, this negative property received some attention. It has been suggested that this result could be an artefact, because 'Erwinia amylovora grows poorly in peptone nitrate medium' (Starr and Chatterjee, 1972) . No experimental data, whatever the media or the techniques, showed reduction or respiration of nitrates by E. amylovora. On the contrary, this feature is selected among all minimal sets of determination of the bacterium in the laboratory (Billing et al., 1961; Lelliott, 1967; Paulin and Samson, 1973) . Among Erwinia, all species formerly placed in the 'carotovora' group (Cowan, 1974) do reduce nitrate to nitrite, as do typical Enterobacteriaceae.
Organic nitrogen
The range of amino acids utilized as sole nitrogen source is indicated in several taxonomic studies (Slade and Tiffin, 1984; Verdonck et al., 1987; Holt et al., 1994) . Results may vary widely according to techniques. Few studies attempted to comprehend the nutrition of the bacteria in plants. In this respect, Lewis and Tolbert (1964) showed that aspartate was both a nitrogen source for E. amylovora and a major component of amino acids (58%) in apple shoots.
Aminopeptidase profiles were established to compare strains. Differences between virulent and non-virulent strains were quantitative but not qualitative. No pattern typical for non-virulent strains could be proposed (McIntyre et al., 1975) .
Auxotrophy
The requirement for nicotinic acid was first pointed out by Starr and Mandel (1950) . No other requirement for a growth factor was indicated, except for thiamine, which is required by a few wild-type strains (Bennett and Billing, 1978) and strains cured of the pEA29 plasmid. The need for nicotinic acid is not a common requirement among erwinias, and it was proposed as a biochemical test for E. amylovora characterization (Holt et al., 1994) .
Production of extracellular enzymes
Several enzymes, known in some cases to be involved in the plant-pathogen interaction, were specifically studied in E. amylovora, again in the hope of understanding the pathogenicity of this species.
␤-Glucosidase
This enzyme is particularly interesting, because it is reported to result in the formation of glucose and hydroquinone from arbutin, a common compound in apple. Formation of hydroquinone is significant, because it is toxic to bacteria (Hildebrand and Schroth, 1963) . It was shown that E. amylovora exhibits weak ␤-glucosidase activity, which is strongly dependent upon the growth medium (Schroth and Hildebrand, 1965) . Nevertheless, hydroquinone was demonstrated to be toxic to E. amylovora (Berg and Gibbins, 1983) . It was assumed that it acts by inhibiting oxidation of succinate, D-lactate, DL-malonate and NADH (in the presence of oxygen) by cytoplasmic membrane and therefore inhibiting the growth of the bacteria. It could act on transport of electrons by ubiquinone. A ubiquinone, which could be the site of action of hydroquinone, was isolated from the cytoplasmic membrane of E. amylovora (Berg and Gibbins, 1983 ). In the presence of an exogenous ␤-glucoside, such as arbutin in apple tree tissues, this ubiquinone could act as a defence mechanism. Phloridzin was reported to play in pear tissues a role similar to that of arbutin (Gibbins, 1972) . But this now seems less likely, since Kerppola et al. (1987) demonstrated that the pathogenicity of mutants of E. amylovora overproducing ␤-glucosidase was not affected by a 100-fold increase of ␤-glucosidase activity.
Hydrolytic enzymes
A number of pathogenic bacteria, especially among erwinias the 'carotovora' group (Dye, 1969a) are 'macergens' (Billing, 1987) , producing a massive quantity of cell wall polysaccharide-hydrolysing enzymes. In the case of 'necrogens' (Billing, 1987) , the production of these enzymes, although in smaller amounts, is not exceptional. It is therefore a characteristic of E. amylovora, which is a necrogen, to produce no detectable amount of such enzymes, as has been shown by Seemuller and Beer (1976) : no pectolytic, cellulolytic or xylolytic activity was detected during the development of the disease. Conversely, two neutral proteases were produced by the bacteria: one was isolated from the ooze of diseased plants and the other from infected plant tissue and culture medium (Seemuller and Beer, 1977) . Their optimal pH of activity was 7.5 and 6.5, respectively. Their role in the infection process has not been established.
Secondary metabolites
In the search for toxic molecules produced by E. amylovora that could be responsible for pathogenicity, two original molecules have been isolated. One is 6-thioguanine (Feistner and Staub, 1986) , which ultimately showed no toxic effect on pear cells in culture. In contrast, the other molecule, 2,5-dihydrophenylalanine (DHP) (Feistner, 1988) , was considered to be a necrotoxin, although produced by both virulent and non-virulent forms of the pathogen. It was believed either to directly kill plant cells or to block induction of the hypersensitive reaction (HR) in infected plants. Nevertheless, although these are still possibilities, the lack of consistency of DHP production by diverse strains of E. amylovora (Schwartz et al., 1991) suggests that the role of DHP in virulence is not of key importance.
Motility
Like most phytopathogenic bacteria, and especially the erwinias, with the exception of E. stewartii, E. amylovora is motile in culture by media by means of two to seven peritrichous flagella per cell. This motility has been studied in detail by Ries (1980a, 1981) . Synthesis of flagella is temperaturedependent (optimum 18-25°C); for maximal motility, pH 6.9 and the presence of a chelating agent, such as ethylenediaminetetra-acetic acid (EDTA) are required. Motility can be expressed in anaerobic conditions if a suitable carbon source is provided, but no motile bacterial cells are observed in the intercellular spaces of infected plant tissues. On the plant surface, the motility of E. amylovora is probably easily expressed: motile cells were seen under the microscope, within 10-30 s after their release from the stigma surface, by Thomson (1986) . Interestingly, the motility in E. amylovora has been shown to be associated with a specific chemotaxis, which is temperature-and pH-dependent (optima: 20°C, pH 6.8). An original feature for the bacteria was that this chemotaxis was positive for one amino acid (aspartate) and some organic acids (fumarate, malate, maleate, malonate, oxaloacetate, succinate), but no chemotaxis was observed with any of the sugars tested (Raymundo and Ries, 1980b) . In addition it was underlined that taxis for dicarboxylic acid was unique among bacterial plant pathogens, and that such acids were present in the nectar of apple flowers. Negative chemotaxis was shown for benzoate and salicylate and inducible negative chemotaxis for L-leucine, L-isoleucine and L-phenylalanine. Chemotaxis was believed to be due to a single bacterial receptor. A weak association between this property and pathogenicity was shown when E. amylovora was sprayed on apple blossoms, but not when inoculated with a needle into shoot seedlings (Bayot and Ries, 1986) : more infections were obtained on apple blossoms sprayed with motile bacteria, while no difference was noted between shootinoculated seedlings, whatever the motility of the strain.
Plasmids
Plasmids are known to be present in a number of strains of phytopathogenic (and other) bacteria. In the case of E. amylovora, the same plasmid (pEA29) seems to be present in all investigated strains of the pathogen (Falkenstein et al., 1989; Laurent et al., 1989) . This 29 kb plasmid seems to play a quantitative role in pathogenicity (Laurent et al., 1989) . But no precise functions were associated with its presence in the bacterial cell, except for a role in thiamine requirement (Laurent et al., 1989) . The presence of this plasmid in all strains of E. amylovora allowed primers specific to a DNA fragment of pEA29 to be proposed as a tool for detection of E. amylovora by PCR (Bereswill et al., 1992) . A certain level of variation in length of the PCR product was found , possibly linked with the geographical origin of the strain. Other variations were found in relation to strain origin (Momol et al., 1997; Momol and Aldwinckle, Chapter 4 ) and possibly to the infected plant (Rubus strains). Up to now, no wild E. amylovora strain has been found lacking the pEA29 plasmid, but a few exceptions might exist. Two non-virulent strains of E. amylovora lacking pEA29 were described by J.L. Vanneste (unpublished results, 1993) .
Sensitivity to antibiotics
Sensitivity or resistance to a determined concentration of antibiotics, in artificial medium, may be considered a characteristic of a bacterial species. The most comprehensive study of sensitivity or resistance of E. amylovora to antibiotics has been published by Vantomme et al. (1986) : among 122 strains of E. amylovora tested, most were susceptible to: ampicillin (10 µg), cephaloridine (25 µg), chloramphenicol (30 µg), kanamycin (30 µg), nalidixic acid (30 µg), nitrofurantoin (200 µg) and streptomycin (10 µg), and resistant to: bacitracin (10 U), calistin sulphate (10 µg), erythromycin (10 µg), fusidic acid (10 µg), lincomycin (2 µg), methicillin (10 µg), penicillin G (10 U) and polymixin B (300 U), while variable responses according to strains were obtained for: gentamicin (10 µg), neomycin (30 µg), novobiocin (30 µg) and sulphafurazole (10 µg). Resistance to streptomycin is now common in natural bacterial populations exposed to multiple sprays of this antibiotic during normal control strategies in certain countries (Jones and Schnabel, Chapter 12).
Serology
Serology has been used for a long time in the study of E. amylovora for diagnostics, improved description of the species, assessment of its homogeneity and differentiation from other supposed closely related species. Internationally accepted specific reagents were needed for diagnosis and detection of E. amylovora, because of its limited geographical distribution and because it is a quarantined pathogen in several countries. Specific antisera and serological techniques were good candidates for this purpose. Data on serological characteristics of E. amylovora were first obtained with polyclonal antibodies but, soon after the discovery of monoclonal antibodies (MCAs), more studies were published.
Serological properties
The most comprehensive study of serological properties of the genus Erwinia has been presented by Slade and Tiffin (1984) . Former works of some importance (i.e. dealing with several strains of each species) were those of Elrod (1941) and Lazar (1972b) . The usefulness of serological studies for bacterial plant pathogens, in the case of fire blight, was pointed out as early as 1933 (Rosen and Bleecker, 1933) .
It is rather difficult to get a general view from these studies because techniques differ, from the very preparation of the antigen (living bacteria, heated cells, etc.) to the vizualization of the specific antigen-antibody reaction (tube agglutination, agglutinin absorption, immunodiffusion, etc.). Nevertheless, the general tendency is to describe E. amylovora as a serologically homogeneous species (Elrod, 1941; Lazar, 1972b) . A tentative establishment of serotypes within the species, based on surface antigens (Samson, 1972) , has not been studied further. Among erwinias, the work of Lazar (1972b), using both crossagglutination and double gel diffusion, tended to conclude that there was a close serological relationship between the species included in the genus Erwinia (nine species). Unfortunately, in the double gel diffusion part of this work, none of the five E. amylovora strains used in cross-agglutination were included. It is noteworthy that, in the agglutination tests, all the five isolates of E. amylovora agglutinated in the same antisera, thus confirming the serological uniformity in E. amylovora. Nevertheless, these E. amylovora reacted to a certain extent with antisera produced against other erwinias, sometimes giving obvious positive reactions (e.g. with antiserum prepared against E. aroideae or E. chrysanthemi). It is possible that the techniques used were not really suitable for establishing relations between erwinias: it is uncertain what a cross-reaction between two organisms implies.
The use of MCAs might produce some new information with respect to the possible heterogeneity of E. amylovora as a group and the relations between erwinias. It is now possible, with MCA, to identify a unique antigenic determinant on the cell surface, thus theoretically allowing a very precise study of cell surface antigens. In addition, taxon-specific MCAs have been isolated for xanthomonads, showing the potential of this new tool (Alvarez and Benedict, 1990) . This type of study has not yet been undertaken for E. amylovora. Rat and mice MCAs have been produced (Hutschemackers et al., 1987b; Lin et al., 1987; McLaughlin et al., 1989; Gugerli and Gouk, 1994; Gorris et al., 1996b) and sometimes shown to be specific for E. amylovora when compared with other plant-pathogenic and saprophytic bacterial species. Usually, a mixture of several MCAs was necessary to allow recognition of all the representatives of E. amylovora (Gugerli and Gouk, 1994; Gorris et al., 1996b) . This indicates that some epitopes are not found on every strain, and shows the possibility of description of further antigenic variability.
Serological structure
The diverse antigens that compose the antigenic capacity of E. amylovora are relatively complex (Slade and Tiffin, 1984) . Several antigens were distinguished and could be prepared independently from pure culture: LPS (see above for composition and structure), which can be either rough or smooth (with or without a side-chain); a neutral heat-stable antigen, named GAI, which was thought to be a polysaccharide distinct from LPS, common to all representatives of the 'amylovora' group; antigen TV, present only in virulent E. amylovora, was likely to be part of the EPS; another complex antigen, GAJ, was detected in the extracellular slime from bacterial culture. An attempt to correlate serological feature and virulence failed to show more than the formerly established link between capsular material and pathogenicity. Using immunodiffusion after chemical treatment of antigens from E. amylovora, cross-reactions were found between capsular antigens of E. amylovora and E. herbicola (Slade and Tiffin, 1978) . Former studies had shown that induced non-pigmented variants of E. herbicola might have some serological relationship with E. amylovora (Gibbins, 1974) , but these common antigens were not of capsular origin.
In spite of all theoretical considerations on antigens of E. amylovora, the search for specific antigens remains more or less empirical. As far as preparation of antiserum is concerned, very few works deal with a comparison of procedures according to the type of serum (agglutinant or precipitant) that is needed. Such a study was published by Lazar (1972a) for diverse Erwinia. It indicated the best procedure to be used in each case; in addition, it showed that Erwinia was highly toxic for rabbits (except E. atroseptica) . The antigens used to prepare E. amylovora antisera are very diverse, as are the immunization protocols: living cells, heat-killed cells, formalin-treated cells, the supernatant of killed cells or much more complex extracts from the bacteria were tested. Laroche and Verhoyen (1986) demonstrated that the supernatant of cells treated with phenol contained a specific antigen, as seen by immunodiffusion. Analysis revealed that it was in fact a lipopolysaccharide whose antigenic structure involved a polysaccharidic function.
Serological techniques for diagnosis and detection
Agglutination
Slide agglutination, following a precise procedure (Lelliott, 1967) , is an easy test that usually provides good results. It relies on the high homogeneity of thermostable antigens within E. amylovora. Nevertheless, cross-reactions with diverse bacteria are sometimes observed (Pseudomonas syringae, E. herbicola) Israilsky et al., 1966) and additional tests are recommended for good identification (Paulin and Samson, 1973; Miller, 1979; Van Vaerenberg et al., 1987) .
Immunodiffusion
Immunodiffusion techniques are not normally advised for standard diagnostic applications. Nevertheless, in a suitably equipped laboratory, they were recommended for this purpose, with reliable results (Laroche and Verhoyen, 1982) .
Immunofluorescence
Immunofluorescence (IF) is a standard technique, used for detection of bacteria in complex media, in which specifically marked bacterial cells are directly observed through the microscope. For E. amylovora, it has been used with success for monitoring the bacterial population on the plant surface (Thomson and Schroth, 1976; Miller, 1983) , for diagnosis (Roberts, 1980; Calzolari et al., 1982) and for localizing bacteria in plant tissues, in connection with histological studies (Hockenhull, 1978) .
As with all detection methods, problems with specificity and sensitivity can occur. As far as specificity is concerned, it obviously depends on the quality of the antiserum used. Cross-reactions have been assessed with a number of bacteria likely to be found on the plant surface or associated with lesions: E. herbicola, Erwinia uredovora, E. rhapontici, Pseudomonas fluorescens, Citrobacter spp. (Calzolari et al., 1982) . These cross-reactions could be reduced by the use of diluted antisera, but this involves the risk of false-negative responses with some strains of E. amylovora. The same was previously experienced by Roberts (1980) , who proposed the simultaneous use of different antisera, prepared from different antigens of E. amylovora, to tackle the difficulty.
Utilization of a given mixture of specific monoclonal antisera could be helpful in this case. Ten specific MCAs were tested successfully in IF by Lin et al. (1987) . Hutschemackers et al. (1987b) used three specific MCAs, which were shown to be strictly specific for E. amylovora (93 strains). In this case, no reactions were observed with 88 strains of other bacterial species. In addition, the particular advantage of MCA, especially for a test which could be marketed, is its theoretical constant quality and availability (Hutschemakers et al., 1987b) . Direct examination of bacteria by IF from plant tissues (Laroche and Verhoyen, 1983) was successful, with a pretreatment of samples to reduce the naturally occurring plant fluorescence. The observation could also be performed after printing the leaves on a collodion film, on which the serological reaction and microscopic examination were performed. However, whatever the technique, the minimal number of bacteria must be as high as 10 6 -10 7 cells ml Ϫ1 , to allow a positive detection in IF (Laroche and Verhoyen, 1983) .
ELISA
Numerous ELISA techniques have been used, or rather tested, extensively for detection of E. amylovora. They are usually preferred to IF, for practical reasons; ELISA can be made automatic, the assessment of results is less subjective (optical density) and serial analyses in the laboratory are far less timeconsuming than they are with IF.
Adaptation of ELISA to E. amylovora detection was first proposed by Laroche and Verhoyen (1984) . An improvement of the method, whose specificity was not high enough, was further indicated by the same team (Laroche et al., 1987) . Supernatants of E. amylovora cultures were used as a source of antigens and tested with a large number of strains of E. amylovora (91). A specific reaction was obtained from E. amylovora metabolites, even when they were mixed with other bacteria.
In order to reduce the risks of non-specific response (higher with ELISA than with IF, because there is no direct observation of marked cells), ELISA is now used in association with MCAs.
The use of a mixture of three specific MCAs, each bound to a unique epitope, allowed McLaughlin et al. (1989) to obtain a reagent both specific in ELISA an sensitive enough to detect about 10 5 -10 6 cells ml Ϫ1 . The threshold for detection using an MCA depends on the type of ELISA technique used; for pure culture, it is considered to vary from 10 6 cells ml Ϫ1 to 10 cells ml Ϫ1 (Hutschemackers et al., 1987a) . In contrast to previous results, Gugerli and Gouk (1994) found a high proportion of MCAs that cross-reacted with E. herbicola, suggesting common epitopes. Nevertheless, E. amylovora was readily distinguished (in indirect ELISA) from other genera of bacterial pathogens. As far as E. amylovora was concerned, different reactivity patterns were obtained, suggesting strain-specific epitopes. Gorris et al. (1996b) prepared MCAs using two types of antigens: EPS from one E. amylovora strain and cells of a non-capsulated derivative. Eight MCAs were obtained from the two antigens: three from EPS and five from the whole cell. Most were specific for E. amylovora. They represented at least five different native epitopes, according to the pattern obtained with 48 E. amylovora strains. Two selected MCAs reacted in the different techniques used: indirect ELISA, ELISA double antibody sandwich indirect (DASI), with native or boiled antigens. These reagents and techniques were further proposed in association with enrichment on suitable media for a specific and sensitive detection of E. amylovora (Gorris et al., 1996a) , as formerly suggested by Hutschemackers et al. (1987a) . The sensitivity, which was assessed at 10 5 cells ml Ϫ1 without enrichment, could decrease to 10 cells ml Ϫ1 following enrichment.
Other techniques
Techniques for visualization in situ of bacterial cells, such as immunogold staining (IGS) or immunogold silver staining (IGSS), have been used with success, and gave rise to a permanent marking of bacterial cells (Van Laere et al., 1985) . This was an advantage compared with IF, whose markings tend to fade away with time and observations. It could therefore be recommended for precise histological studies. In addition, IGSS gave a high contrast in normal microscopy, which is another advantage compared with UV microscopy, used for IF.
Two other techniques (immunoelectrotransfer, immunoprinting) were tested successfully for E. amylovora by Gorris et al. (1996a) . The very simple and convenient technique of immunoprinting, which is based on the same capture procedure as print-capture PCR (Olmos et al., 1996) -pressure of freshly cut plant tissues, such as a leaf petiole, on to suitable blotting paper -allows easy sampling in the field and delayed serological reaction in the laboratory. It may also be very promising as a practical detection tool for E. amylovora.
Sensitivity to bacteriophages
Bacteriophages, or phages, are viruses that specifically infect their bacterial host. Therefore, susceptibility of several bacteria to a virus often indicates at least common receptors on the surface of the bacterial envelope. This may also indicate a certain level of similarity between these bacteria. On the contrary, differences in susceptibility to the same phage between bacteria otherwise similar (i.e. from the same species) would indicate tiny but sometimes significant differences between them. Such a difference was found by Billing (1960) between non-virulent and virulent E. amylovora. She found one phage that gave no clear lysis with cultures, showing both atypical colonies and low virulence. The susceptibility to phages was dependent on the presence of the capsule around the cells. Later, it was shown that LPS, which is not a key factor in virulence, could be responsible for phage specificity (Billing, 1985) .
Comprehensive studies on the phage susceptibility of E. amylovora were undertaken in the search for a diagnostic tool. An analysis, with seven phages, of 616 strains of Gram-negative bacteria isolated from orchards diseased with fire blight was produced by Hendry et al. (1967) . It showed that all the 194 E. amylovora strains, 94 yellow and 26 white isolates, were lysed by at least one phage. E. amylovora strains were distributed into seven different patterns of phage sensitivity, but no phage appeared to be specific to only E. amylovora. Later, Ritchie and Klos (1979) described 11 phages isolated from the aerial part of apple trees. All were showing a host range limited to E. amylovora and few strains of E. herbicola. Most phages showed plaques surrounded by an expending halo, due to the hydrolysis of bacterial EPS by a phage hydrolase. The sensitivity of E. amylovora and E. herbicola to the same phages was similarly noted. The use of the latter bacterial species on plants as a reservoir of phages for biological control had formerly been proposed (Chatterjee and Gibbins, 1971) . The possible role of phages in fire blight epidemiology was considered by Erskine (1973) : he suggested that the spontaneous release of phages from the lysogenic form of a 'yellow amylovora-like saprophyte' was able to modulate the severity of fire blight and the occurrence of the disease, in controlling the population of E. amylovora susceptible to these phages.
Utilization of phages has been suggested Hendry et al., 1967; Paulin and Samson, 1973; ) as a complementary tool for diagnosis. But the fact that a single mutation may change a susceptible cell to a resistant one may be a cause for false-negative results. In addition, no phages specific to all the E. amylovora strains tested were found. We note here a tentative determination of E. amylovora from bacterial populations in contaminated apple buds (Baldwin and Goodman, 1963) , which relied mainly on phage sensitivity, and which described 'white virulent', and 'yellowish non-virulent' isolates. This finding reinforced the already existing assumption that, in a diseased tree, two forms of the pathogen could cohabit, with possible conversion between these two forms (for a review, see Gibbins, 1972) . This relied on a number of studies comparing E. amylovora and E. herbicola (Chatterjee and Gibbins, 1971) in physiology and serology (some of which have been presented in this chapter). We now have enough information to recognize that this assumption was probably not accurate: it is likely that the white virulent strains were E. amylovora and that the yellowish non-virulent strains were E. herbicola -two distinct species but both frequently sensitive to the same phages.
A most important contribution of phages to the study of E. amylovora (and other pathogenic bacteria) is the discovery and use of mutator phages. The mutagenesis of strain 1430 of E. amylovora by a modified phage Mu was at the origin of part of the work on the genetic analysis of pathogenicity (Barny et al., 1990) .
Summary
E. amylovora can be considered both as a well-known bacterial species and as a poorly known bacterial plant pathogen.
The first comment can be made because of the large amount of data collected on its anatomical, physiological and serological characters. The description is precise enough to indicate a well-defined group of bacteria, which clearly constitutes a species. This is confirmed by molecular studies. Nevertheless, the place of this species in bacterial taxonomy is not so firmly settled, and it is uncertain if this amylovora species will remain in the genus Erwinia. Genomic analysis of these bacteria could provide useful new data in this respect. On the other hand, recent molecular results, as well as pathogenicity studies, would tend to weaken the strong image of homogeneity provided by other studies (Momol and Aldwinckle, Chapter 4): are we moving towards the description of pathovars within the species E. amylovora?
The second assessment relies on the lack of clear-cut differences found in physiology, serology and other characters between non-virulent and virulent forms of the pathogen, with the very noticeable exception of the bacterial EPS in certain cases. Genetic and molecular studies now in progress are rapidly providing an enormous amount of invaluable information in this field, as indicated in the following chapters.
